Oocyte-secreted growth differentiation factor (GDF) 9 and bone morphogenetic protein (BMP) 15 are critical regulatory factors in female reproduction. Together, they promote granulosa cell proliferation and stimulate the maturation of preovulatory follicles. Despite their importance in female fertility, GDF9 and BMP15 expression patterns and function during spermatogenesis have not been investigated. In this study we show that the expression and stage-specific localization of both factors are limited to the germ cells of the rat seminiferous epithelium, with GDF9 being principally localized in round spermatids and BMP15 in gonocytes and pachytene spermatocytes. To identify potential cellular targets for GDF9 actions, cells of the seminiferous tubule were isolated and screened for the expression of signaling receptors [activin-like kinase (ALK) 5, ALK6, and BMP receptor, type II)]. Individual receptor types were expressed throughout the seminiferous epithelium, but coexpression of ALK5 and BMP receptor, type II was limited to Sertoli cells and round spermatids. Based on the reproductive actions of related TGF␤ ligands in the ovary and testis, GDF9 was assessed for its ability to regulate tight junction function and inhibin B production in rat Sertoli cell cultures. When recombinant mouse GDF9 was added to immature Sertoli cell cultures, it inhibited membrane localization of the junctional proteins claudin-11, occludin, and zonula occludens-1, thereby disrupting tight junction integrity. Concomitantly, GDF9 up-regulated inhibin subunit expression and significantly stimulated dimeric inhibin B protein production. Together, these results demonstrate that GDF9 and BMP15 are germ cell-specific factors in the rat testis, and that GDF9 can modulate key Sertoli cell functions. (Endocrinology 150: 2481-2490, 2009) T he TGF␤ superfamily comprises 33 ligands in human, including the TGF␤, activin/inhibin, bone morphogenetic protein (BMP), growth differentiation factor (GDF), and nodal-related families. These ligands are potent regulators of multiple cellular processes, including cell proliferation, differentiation, migration, and death (1). As such, TGF␤ ligands control the growth and morphogenesis of a variety of tissues. This control is perhaps best observed in the gonads, in which TGF␤ signaling is critical for development, and the maintenance of ovarian and testicular function (2, 3). Within the ovary, GDF9 and BMP15 are two recently identified TGF␤ family members that have critical roles in the regulation of fertility. Both GDF9 and BMP15 are synthesized and secreted by oocytes, and regulate granulosa cell growth and differentiation. Female mice and sheep lacking GDF9 are infertile with follicular growth arrested at the primary stage (4, 5). The oocytes in these animals grow faster, levels of FSH and LH are elevated, and ovarian cysts are observed (4). BMP15 is particularly important in mono-ovulatory species, in which inactivating mutations cause arrested follicle development and ovarian failure (5-8). In the ovary, germ cell GDF9 and BMP15 paracrine signals are restricted to adjacent somatic cells, promoting growth of primary follicles, and in the pre-and periovulatory period, regulating cumulus cell differentiation and appropriate oocyte development (9).
T
he TGF␤ superfamily comprises 33 ligands in human, including the TGF␤, activin/inhibin, bone morphogenetic protein (BMP), growth differentiation factor (GDF), and nodal-related families. These ligands are potent regulators of multiple cellular processes, including cell proliferation, differentiation, migration, and death (1) . As such, TGF␤ ligands control the growth and morphogenesis of a variety of tissues. This control is perhaps best observed in the gonads, in which TGF␤ signaling is critical for development, and the maintenance of ovarian and testicular function (2, 3) . Within the ovary, GDF9 and BMP15 are two recently identified TGF␤ family members that have critical roles in the regulation of fertility. Both GDF9 and BMP15 are synthesized and secreted by oocytes, and regulate granulosa cell growth and differentiation. Female mice and sheep lacking GDF9 are infertile with follicular growth arrested at the primary stage (4, 5) . The oocytes in these animals grow faster, levels of FSH and LH are elevated, and ovarian cysts are observed (4) . BMP15 is particularly important in mono-ovulatory species, in which inactivating mutations cause arrested follicle development and ovarian failure (5) (6) (7) (8) . In the ovary, germ cell GDF9 and BMP15 paracrine signals are restricted to adjacent somatic cells, promoting growth of primary follicles, and in the pre-and periovulatory period, regulating cumulus cell differentiation and appropriate oocyte development (9) .
It is recognized that GDF9, BMP15, and other members of the TGF␤ superfamily exert their biological effects by interacting with two types of transmembrane receptors (types I and II), called receptor serine kinases (10) . The relatively small number of receptor serine kinases (seven type I and five type II) necessitates that the receptors have multiple specificities. Indeed, BMP receptor (BMPR), type II (BMPRII) was recently identified as the sole type II receptor involved in both GDF9 and BMP15 signaling (11) (12) (13) . Ligand binding to BMPRII is followed by recruitment, phosphorylation, and activation of specific type I receptors: activin-like kinase (ALK) 5 for GDF9 and ALK6 for BMP15. Phosphorylation of these distinct type I receptors activates different downstream Smad signaling pathways, and ensures that GDF9 and BMP15 regulate unique ovarian responses.
Testes express high levels of GDF9 and BMP15, suggesting that these growth factors could potentially regulate testicular function (14 -16) . This concept is supported by the dynamic regulation of BMPRII, ALK5, and ALK6 expression throughout the seminiferous tubule, and the fact that Smad signaling pathways are vital for the governance of testis development and spermatogenesis (17, 18) . However, both male Gdf9 and Bmp15 null mutant mice are fertile with normal testis weights (4, 19) , indicating that GDF9 and BMP15 actions in the testes are not essential for the initiation or maintenance of spermatogenesis. However, analysis of these knockout models has not included functional assessments of sperm quality (number, maturation, mobility, and viability), tight junction (TJ) function, or the circulating concentration of key hormones, including testosterone, FSH, or the inhibins. GDF9 or BMP15 effects on any of these parameters could reduce male fertility. Furthermore, it is now clear that TGF␤ superfamily members present in seminal fluid play a critical role in programming female reproductive tract immune tolerance to the foreign conceptus, and that inappropriate seminal fluid signaling has substantial adverse effects on fertility, pregnancy outcome, and the long-term health of progeny (20) . Such developmental implications of male GDF9 and BMP15 deficiency have not previously been considered.
In the current study, we tested the hypotheses that GDF9 and BMP15 are differentially expressed by germ cells of the rodent testis, and can regulate Sertoli cell function. This was done by initially determining the expression and localization of GDF9 and BMP15 in the developing and adult rat testis, after which the actions of GDF9 on Sertoli cell endpoints, including TJ function and inhibin production, were assessed using primary culture.
Materials and Methods

Animals
Male Sprague Dawley rats obtained from Monash Animal Services (Monash University, Clayton, Australia) were maintained at 20 C in a fixed 12-h light, 12-h dark cycle with free access to food and water. Rats were euthanized by CO 2 asphyxiation, and testes were removed for immuno-analysis, total RNA extraction, germ cell isolation, and Sertoli cell culture. All animal experimentation was approved by the Monash Medical Centre animal ethics committee.
Reagents
Bioactive recombinant mouse GDF9 was produced in stably transfected human embryonic kidney-293H cells and partially purified using hydrophobic interaction chromatography as previously described (21, 22) . Control conditioned media (labeled "293H control") from untransfected 293H cells (Life Technologies, Inc., Life Technologies, Paisley, UK) were produced and partially purified under identical conditions as those used for the production of GDF9. 
Immunohistochemical analysis
Testes from rats of varying ages (d 3, 9, 18, 25, 32, 44, and Ͼ60) were excised, immersion fixed in Bouin's solution for less than 5 h, and stored in 70% ethyl alcohol, as described elsewhere (23) , or in Carnoy's fixative (BMP15 immunohistochemistry only). Tissue sections (5 m) were cut and subjected to antigen retrieval by microwave in 0.001 M EDTA (pH 8.0) for 10 min, before incubation with primary antibodies with 10% normal serum. Sections were then prepared for either light or confocal microscopy as detailed elsewhere (24, 25) . Specificity of primary antibodies was verified by substitution of the primary antibody with an equivalent dilution of preimmune rabbit or goat immunoaffinity purified IgG, or incubation with equivalent dilution of blocking peptide in the case of GDF9 and ALK6.
RNA extraction, reverse transcription, and quantitative real-time PCR
Total RNA was extracted from fragments of whole testis of various ages (see above), or isolated Sertoli or germ cells using a total RNA extraction kit (QIAGEN, Hildens, Germany) according to the manufacturer's instructions. Contaminating DNA was removed using a deoxyribonuclease free kit (Ambion, Inc., Austin, TX) for 25 min at 37 C, after which reverse transcription was performed with 200-1000 ng total RNA/ sample using SuperScript-III (Invitrogen Corp., Carlsbad, CA) following the manufacturer's instructions, before being snap frozen and stored at Ϫ80 C. Quantitative real-time PCR analysis was then performed using the Roche LightCycler 380 (Roche, Basel Switzerland) with the FastStart DNA Master SYBR-Green 1 system (Roche), or the Corbett RotorGene 2000 (Corbett Lifesciences, Sydney, Australia) using universal SYBR-Green (Invitrogen). Oligonucleotide primer sequences were obtained from published sources, or were designed using Primer3 software ( 60) , and were ordered from Sigma Chemical Genosys (Castle Hill, Australia). A rat Sertoli cell reference cDNA of arbitrary unitage was used as a standard for the quantitation of inhibin subunit mRNA expression, whereas immature rat ovary cDNA was used as the standard for quantitation of GDF9, BMP15, and BMPRII/ALK5/ALK6. Full details of PCR amplification conditions are summarized in Table 1 .
After 38 cycles of PCR, a melting curve analysis was performed to monitor PCR product purity, and in initial experiments, amplification of a single PCR product was confirmed by agarose gel electrophoresis and DNA sequencing.
Germ cell isolation
Round spermatids and pachytene spermatocytes were isolated from adult Sprague Dawley rat testes (Ͼ60 d) using enzymatic digestion and elutriation, as detailed previously (26, 27 ). Both cell types were then further purified by continuous Percoll (Percoll Plus; GE Healthcare, Uppsala, Sweden) density gradient centrifugation, as described elsewhere (27) , with final purification by flow cytometry. Refractive indices for the upper and lower limits of the collected fractions from Percoll for round spermatids and pachytene spermatocytes were 1.3379 -1.3394 and 1.3381-1.3400, respectively. Cell viability was determined by Trypan blue exclusion and was typically more than 99% post-Percoll purification. Flow cytometry was then used to collect 2 million live cells after separation by Percoll gradient for total RNA extraction and mRNA expression analysis. Cells were incubated for 20 min at 32 C in 10 mg/ml Hoechst-33342 (H-3570; Molecular Probes) in water and then placed on ice. Immediately before flow cytometry, 5 l of a 1-mg/ml solution of propidium iodide (P-3566; Molecular Probes) in water was added to stain any dead cells. Cells were sorted by ploidy, with tetraploid cells collected from the pachytene spermatocyte fraction, and haploid cells from the round spermatid fraction.
Purity of the cell preparations was determined by propidium iodide (P3566) staining and flow cytometry analysis of ploidy, and by expression of cell-specific markers. Round spermatid fractions were 91.4% haploid after elutriation, 98.5% haploid after Percoll centrifugation, and 100% haploid after fluorescence-activated cell sorter (FACS). Pachytene spermatocytes were 73.3% tetraploid by elutriation, 85.3% tetraploid by Percoll centrifugation, and 100% tetraploid after FACS, corresponding well with previous estimates of purity (27) .
Sertoli cell isolation and culture
Sertoli cells were isolated from d 20 immature rats, as previously described (28), and suspended in serum free DMEM/Hams F12 medium (1:1) supplemented with L-glutamine (1 mM; Trace Scientific, Melbourne, Australia), nonessential amino acids (1:100 dilution of 100ϫ stock, Trace), NaHCO 3 (1.4 mM, Trace), BSA [1% (wt/vol); Sigma Chemical], HEPES (10 mM, Trace), insulin (5 g/ml; Novo-Nordisk, Sydney, NSW, Australia), transferrin (5 g/ml; Sigma Chemical), sodium selenite (50 ng/ml; Sigma Chemical), and penicillin (200 U/ml)-streptomycin (200 g/ml)-Fungizone (0.5 g/ml) (CSL, Melbourne, Australia). Cells were plated at a density of 2.5 ϫ 10 6 cells per cm 2 into either 24 or 48-well culture plates (Nunc; Nalge Nunc International, Roskilde, Denmark) for total RNA isolation and inhibin quantification, respectively (refer to Ref. 27 ), or at 6.25 ϫ 10 5 cells per cm 2 into Millicell PCF bicameral chambers (12 mm diameter, 0.4 m pore size, 0.6 cm 2 surface area; Millipore, Bedford, MA) for measurement of transepithelial electrical resistance (TER) and immunocytochemistry (refer to Ref. 29) upon wells precoated with Matrigel (BD Biosciences, Bedford, MA). Cells were then incubated at 37 C in a humidified 5% CO 2 /95% air incubator with a medium change at 24 h. At 72 h, contaminating germ cells were removed by hypotonic shock treatment with 10% culture media in water for 45 sec (28), after which Sertoli cells were allowed to recover for a further 24 h at 37 C, 5% CO 2 /95% air. Treatments were then added and cells cultured for a further 48 h, at which point the culture medium was collected and snap frozen for inhibin B quantification, and plated cells were either fixed and processed for immunocytochemistry or RNA extracted for mRNA quantification by realtime PCR.
Inter-Sertoli cell TJ function was assessed by measurement of TER on a daily basis at 37 C using a Millicell-electrical resistance system (Millipore) (29) . Treatments were added to both the basal and apical compartments. At completion of the culture, Sertoli cell monolayers on PCF membranes were fixed as previously described (29) . Localizations of junctional proteins were then investigated by immunocytochemistry and visualized by fluorescent microscopy as previously described.
Inhibin B protein quantification
Inhibin B levels in conditioned media were determined using inhibin B ELISA plates (Diagnostic Systems Laboratories, Inc., Houston, TX) coated with the ␤B capture antibody (C5), as previously described (30); kit reagents were provided by Oxford Bio-Innovation (27) . Reference standard, or sample conditioned medium was assessed by diluting a 50-l aliquot with 200 l unconditioned DMEM:F12 plus additives from which 100 l was added to the ELISA plate. All other steps were as previously described (31) . The assay sensitivity was 8 pg/ml, and typical within-and between-assay variations of 8 and 12%, respectively, were obtained.
Statistical analysis
Unless otherwise noted, all measurements were conducted on triplicate samples from which the mean and SD were calculated. All statistics were performed using SigmaStat version 3.5 (Systat Software, Inc., San Jose, CA). Before analysis, homogeneity of variance was assessed for all groups by normality and equal variance tests. Experiments in which variation followed a normal distribution were assessed using a one-way ANOVA, followed by the Student-Newman-Keuls post hoc multiple group comparisons test for significance. Experiments in which variation was not homogeneous were assessed using the nonparametric KruskalWallis test, followed by the Newman-Keuls analog post hoc multiple group comparisons test. A P value of less than 0.05 was used to determine whether results were statistically significant. All experiments were performed at least twice.
Results
Expression and localization of GDF9 in the rat testis
Normal testicular development and ensuing spermatogenesis are regulated by TGF␤ superfamily signaling. To determine whether GDF9 may play a role in these processes, its expression and localization in the rat testis were determined. Whole testis from key time points throughout the first wave of spermatogenesis was analyzed for GDF9 mRNA expression. Real-time PCR indicated that GDF9 mRNA was first identified in the 18-d postpartum (dpp) testis and reached maximal expression by 32 dpp (Fig. 1A) . Because this phase of spermatogenesis corresponds to the development of spermatocytes and postmeiotic round spermatids, we subsequently investigated GDF9 mRNA expression in these cell types. Whole testis from adult rat (more than d 60) was fractionated by a combination of elutriation, Percoll density centrifugation, and FACS. To confirm the identification of purified cells, we investigated the expression of cell-specific markers (protamine-2 for spermatids and androgen receptor for Sertoli cells). The observed expression pattern (Fig.  1B) confirms the identity and purity of the isolated cells used in Figs. 1-3 . GDF9 mRNA was detected in both isolated pachytene spermatocytes and round spermatids (Fig. 1B) . Corresponding to the ontogeny data, quantitation indicated that round spermatids expressed higher levels (1.7-fold; P Ͻ 0.001) of GDF9 mRNA than pachytene spermatocytes. Interestingly, there was no detectable GDF9 signal in cultured immature (20-dpp) Sertoli cells.
Using a goat polyclonal antibody that effectively detected recombinant mouse GDF9 monomer by Western blot at approximately FIG. 1. GDF9 expression and localization in the testis. A, GDF9 mRNA expression by quantitative PCR in the "first wave" of spermatogenesis as a function of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeper mRNA. Whole testes were collected from rats on various dpp, whereas whole adult rat ovary (approximately d 60) was used as a positive control. B, GDF9, protamine-2 (spermatid specific), and androgen receptor (Sertoli cell specific) mRNA expression in isolated whole testis and purified germ cell types from the adult rat (Ͼ60 dpp). PSC, Pachytene spermatocytes; RST, round spermatids. Shown also are purified Sertoli cells (SC) cultured from immature (20-dpp) rats. The asterisk (*) in B denotes no detectable expression. All data are means ϩ SD (n ϭ 3), and letters denote significant (P Ͻ 0.05 as a minimum) differences between groups. C, Western blot analysis under nonreduced conditions of recombinant murine GDF9 expressed in 293H cells. The control was 293H cells treated with vector alone. D-I, Immunofluorescent localization of GDF9. D, F, and H are incubation with the GDF9 antibody, whereas E, G, and I are corresponding negative control sections preincubated with an excess of the blocking peptide. Localization shown in the immature (21 dpp) rat ovary (D and E), immature rat testis (F and G, 18 dpp; H and I, 25 dpp). 21 kDa (Fig. 1C) and localized GDF9 protein to the oocyte (Fig.  1D) , we investigated the cellular localization of GDF9 in the testis during the first wave of spermatogenesis. In the d-18 testis, there was no observable GDF9 protein expression in the seminiferous tubule, although background staining was detected throughout the interstitium that could not be removed by coincubation with the blocking peptide (Fig. 1, F and G) . Specific immunofluorescent signal was first identified in the cytoplasm of round spermatids, but not that of pachytene spermatocytes, from 25 dpp onwards (Fig. 1H, arrowhead) . In the adult rat testis, GDF9 was observed to be stage-specifically localized to the cytoplasm of round spermatids. Staining for GDF9, first observed at stage VII, peaked at stage VIII and was maintained throughout the steps of elongation (Fig.  1, J-M, arrowheads) .
Expression and localization of BMP15 in the rat testis
In contrast to GDF9, BMP15 was expressed at earlier time points during the first wave of spermatogenesis and in different cell populations. The 3-dpp testis, comprising Sertoli cells and gonocytes, was positive for BMP15 expression (Fig. 2A) . Interestingly, the expression of BMP15 mRNA was absent in the 9-dpp testis but present in the 18-dpp testis and later time points, corresponding to the appearance of spermatocytes in the juvenile rat testis. We subsequently investigated BMP15 mRNA expression in both pachytene spermatocytes, round spermatids, and Sertoli cells. Purification of germ cells of the seminiferous epithelium by FACS indicated that BMP15 was only expressed in pachytene spermatocytes (Fig. 2B) . There was no detectable BMP15 signal in cultured immature Sertoli cells, suggesting that both GDF9 and BMP15 are germ cell-specific factors in the testis.
Using a rabbit polyclonal antibody that detected rat BMP15 expressed from 293H cells by Western blot analysis (Fig. 2C) , we next investigated the cellular localization of BMP15 throughout the first wave of spermatogenesis. BMP15 was localized to the gonocytes of the 3-dpp testis but was not expressed by Sertoli cells (Fig. 2D) . Corresponding to gonocyte migration to the basement membrane, and subsequent differentiation to spermatogonia, no immunoreactive BMP15 was detected in the 9-dpp testis (Fig. 2F ). In contrast, strong punctate cytoplasmic expression of BMP15 was observed in spermatocytes in tubules of the 18-dpp testis (Fig. 2G) . In the adult rat testis, BMP15 was observed to be stage-specifically localized to the cytoplasm of pachytene spermatocytes. Punctate staining for BMP15 was first observed at stage IV of spermatogenesis, peaking at stage VIII and maintained until stage XI when spermatocytes undergo meiosis (Fig. 2, I-L, arrowheads) .
GDF9 and BMP15 receptors are expressed by Sertoli cells and round spermatids
GDF9 exerts its biological effects by initially interacting with a type II receptor (BMPRII), which leads to the recruitment, phosphorylation, and activation of a type I receptor (ALK5) (11) . BMP15 also uses BMPRII but signals via a distinct type I receptor (ALK6) (12) . Therefore, we investigated the expression of these receptors in pachytene spermatocytes, round spermatids, and cultured 20-dpp Sertoli cells [purity ϳ90% as previously described (32)]. Germ cells exhibited strong compartmentalization of receptor expression. Notably, pachytene spermatocytes expressed neither BMPRII nor ALK6 mRNA but highly expressed ALK5 mRNA at levels 8-fold higher compared with both Sertoli cells and round spermatids (Fig. 3A) . To verify the expression of receptors in the adult testis, we next performed immunohistochemistry for BMPRII and ALK6 in the adult testis. BM-PRII was found to be predominantly localized to the basal and central cytoplasm of Sertoli cells in most stages surrounding round spermatids, and to a lesser extent in the cytoplasm of round and elongating spermatids (Fig. 3, B-E) . No immunoreactivity was observed in pachytene spermatocytes, confirming the findings by real-time PCR. ALK6 was found to be localized predominantly in the cytoplasm of round spermatids from late-stage VIII until spermiation (Fig. 3, F-I ). Some reactivity was observed for ALK6 in Sertoli cells around the time of spermiation. Localization of ALK5 has been previously described in the rat testis (33) in stage VII pachytene spermatocytes through to stage XIV spermatids, confirming the up-regulation of ALK5 in pachytene spermatocytes observed in our data (Fig. 3A) . Together, the receptor localization studies indicate that pachytene spermatocytes would be incapable of responding to GDF9 and BMP15 due to the absence of BMPRII. In contrast, round spermatids and Sertoli cells, which express all three receptor types, are the likely cellular targets of GDF9 and BMP15 actions.
GDF9 inhibits TJ function
Maximal GDF9 expression by round spermatids at stage VIII of spermatogenesis correlates with the passage of preleptotene/ leptotene spermatocytes across the bloodtestis barrier. Because this process is partially regulated by postmeiotic germ cellsecreted factors (34) and various TGF␤ superfamily ligands via their actions on TJ proteins (35), we assessed the role of GDF9 upon TJ function. The addition of GDF9 to Sertoli cells with established TJs did not affect the morphology of Sertoli cells by hematoxylin and eosin analysis (data not shown) but significantly reduced the TER 2.5-fold compared with the 293H control (Fig. 4A) for the 3-d period of treatment. This model to assess TJ function has previously demonstrated a suppressive role of TGF␤3 upon TJ proteins (36) . A dose-dependent response (across 100-fold dilution) of GDF9 upon TER was observed (data not shown), with 75 ng/ml representing maximal suppression of TER. In subsequent experiments, GDF9 (75 ng/ml) and TGF␤3 (30 ng/ml) were added simultaneously and compared with the effect of TGF␤3 with 293H control across 24 h (Fig. 4B ). In this model the inhibitory effect of TGF␤3 upon TER was observed to be close to maximal after 8 h culture. A similar level of inhibition was observed in combination with GDF9, suggesting that the addition of maximal inhibitory doses of TGF␤3 and GDF9 did not have additive or synergistic effects upon TER (Fig. 4B) . The dose of TGF␤3 chosen was used because it represented a maximal suppression of TER (across 100-fold dilution; data not shown), as has also been observed previously (36) .
We next sought to examine the mechanism by which GDF9 mediates its effects on inter-Sertoli cell TJ function. Immunolocalization of the TJ proteins claudin-11 and occludin in cells treated with the 293H control revealed contiguous staining predominantly at inter-Sertoli cell contacts (Fig. 4, C and E) , as observed previously (29) . A similar staining pattern was also observed for the TJ-associated cytoplasmic plaque protein ZO-1 (Fig. 4G ) and the adherens junction marker, ␤-catenin (Fig. 4I) . Treatment of Sertoli cells with GDF9 resulted in   FIG. 3 . GDF9-and BMP15-receptor mRNA expression in the rat testis. A, mRNA expression ratios for BMPRII (common to both GDF9 and BMP15 signaling pathways), ALK5 (type I receptor for GDF9), and ALK6 (type I receptor for BMP15) were quantified in adult (Ͼ60 dpp) rat testis, highly purified round spermatids (RST), and pachytene spermatocytes (PSC) isolated from adult rat testis, and in cultured Sertoli cells from 20 dpp rats. To allow comparisons between tissue and cell types, the testis was given a standard reference value of one from which data for that gene were normalized. Data are mean ϩ SD (n ϭ 3). B-E, Immunohistochemical localization of BMPRII in Bouin's fixed adult rat testis at various stages: B, stages I and II; C, stage VIII; D, stage XIII; and E, negative control at stage VIII. F-I, Immunohistochemical localization of ALK6 in Bouin's fixed adult rat testis at various stages: F, stages I and II; G, stage VII; H, stage XIII; and I, negative control at stage VIII. Bar, 20 m. Arrowheads indicate positive staining in all panels. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
a marked loss of claudin-11 staining at inter-Sertoli cell contacts (compare Fig. 4, C and D) , whereas occludin staining at the cell periphery appeared disrupted with protein internalization evident (Fig. 4, E and F) . Like claudin-11, ZO-1 localization to the membrane of the cell was inhibited by treatment with GDF9 (Fig. 4, G and H) . Together, these results suggest that GDF9 inhibits the integrity of the inter-Sertoli cell TJ by inhibiting the localization of TJ proteins to the cell periphery. Unlike the TJ-associated proteins, ␤-catenin immunostaining appeared unaffected by GDF9 treatment (Fig.  4, I and J), suggesting that adherens junctions are not regulated by GDF9.
GDF9 stimulates inhibin B production by Sertoli cells
Previous studies have demonstrated that round spermatids produce unidentified proteins that act in a paracrine manner upon Sertoli cells to increase inhibin B production (37) . Based on analogous germ cell-paracrine signaling in the ovary, whereby GDF9 stimulates inhibin production from cultured rat and human granulosa cells (38, 39), we hypothesized that GDF9 was a probable round spermatid factor regulating testicular inhibin production. The addition of GDF9 to cultured Sertoli cells increased inhibin B protein production in a dose-dependant manner by up to 50% above the comparative control ( Fig. 5A ; P Ͻ 0.001). We next sought to determine whether the effect of GDF9 on inhibin B production resulted from changes in the levels of ␣-or ␤B-subunit mRNA. Using real-time PCR, it was shown that after GDF9 treatment, the mRNA for both the ␣- (Fig. 5B) and ␤B-subunits (Fig. 5C ) increased 1.8-and 2.1-fold, respectively, compared with their vector-alone controls (both P Ͻ 0.001). GDF9-stimulated inhibin ␣-and ␤B-subunit mRNA expression was completely blocked using a type I TGF␤ receptor inhibitor (SB 431542, Fig. 5 , D and E), supporting the concept that GDF9 signals via ALK4/5/7 in the testis.
Discussion
It is now well established that both male and female germ cells play a critical and multifaceted role in the development of their companion somatic cells and mature gametes through the secretion of soluble paracrine growth factors (reviewed in Ref. 18) . Among the key regulatory molecules produced by germ cells are members of the TGF␤ superfamily. In the testis, signals from TGF␤ ligands have been implicated in germ cell specification and migration, Sertoli cell proliferation, spermatogonial growth and differentiation, and spermiogenesis (18) . In the current study, we demonstrate germ cell-specific expression of two additional TGF␤ ligands, GDF9 and BMP15, throughout the first wave of spermatogenesis in the rat, and in adulthood.
In the rat, spermatogenesis begins within 1 d after birth, when the gonocytes resume mitosis and migrate from their central position within the seminiferous cord to the peripheral basement membrane (40) . This forms the first generation of spermatogonia, and any remaining gonocytes subsequently die by apoptosis (18) . Our identification of BMP15 in mitotic gonocytes (3 dpp) suggests that this factor may be involved in germ cell survival or cellular differentiation events in the postnatal testis. This suggestion is supported by the antiapoptotic activity of BMP15 in the ovary (41) . Moreover, BMP regulatory molecules, including BMP and activin membrane-bound inhibitor and repulsive guidance molecule b, are expressed by gonocytes (42, 43) . The transition of gonocytes to spermatogonia and subsequent spermatogonial differentiation correlated with a loss of BMP15 expression, which was not reinitiated until the appearance of pachytene spermatocytes in the 18-dpp testis. Immunohisto- Unlike BMP15, GDF9 expression was limited to postmeiotic germ cells, specifically round spermatids, during the first wave of spermatogenesis. In the adult testis, maximal GDF9 expression corresponded to maximal BMP15 expression in pachytene spermatocytes at stages VII-VIII. Intriguingly, studies in female mice have demonstrated synergistic interactions between GDF9 and BMP15 in the periovulatory period (44, 45) , supporting the concept that coincident expression of these factors in the testis may have important consequences for spermatogenesis. Other TGF␤ superfamily ligands, including BMP7, BMP8a, and BMP8b, are expressed in stage VI-VIII round spermatids (46, 47) of the adult testis. Because redundancy is observed for other TGF␤ superfamily members in the testis (48) , concomitant expression of these factors with GDF9 and BMP15 in germ cells may explain the lack of an apparent testicular phenotype of the postnatal GDF9 and BMP15 knockout mouse models (4, 19), although germ cell and endocrine parameters have not been assessed in these animals. However, our identification of stage-specific expression in the rat testis of these ligands and their receptors suggests that both GDF9 and BMP15 have distinct functions at defined points of spermatogenesis.
In support, recombinant GDF9 was shown to disrupt the inter-Sertoli TJ permeability barrier in primary Sertoli cell cultures. GDF9 effects on TJ integrity were mediated by its ability to inhibit the localization and/or expression of TJ-associated proteins, including claudin-11, ZO-1, and occludin. Within the testis, inter-Sertoli TJs, which form the bloodtestis barrier, must be constantly remodeled to allow the passage of preleptotene spermatocytes from the basal to the adluminal compartment of the seminiferous epithelium (49, 50) . A physiological role for GDF9 in this process is supported by the fact that related ligands, TGF␤2 and TGF␤3, are key regulators of the extensive junction restructuring that occurs at the blood-testis barrier (35, 36) . For example, TGF␤2 signaling in cultured Sertoli cells leads to the internalization of occludin protein (35) . Moreover, occludin regulates ALK5 (type I receptor for GDF9 and the TGF␤ isoforms) localization to TJs in epithelial cells (51) , and it is postulated that this may be important for efficient GDF9/TGF␤-dependent dissolution of the blood-testis barrier.
In primary Sertoli cell cultures, GDF9 also increased inhibin B production. In males, inhibin B negatively regulates the production and secretion of FSH from the anterior pituitary, regulates intragonadal events, including steroidogenesis in Leydig cells (52) , and suppression of spermatogonial mitosis (53) , and acts as a tumor suppressor in the gonads and adrenal cortex (54 -58) . In the ovary, GDF9 regulates inhibin production by granulosa cells, and has been shown in vitro to work cooperatively with BMP15 to stimulate inhibin secretion (59) . Therefore, GDF9 regulation of inhibin B production may have significant consequences for germ cell maturation in the adult rat testis.
In conclusion, we have demonstrated that both GDF9 and BMP15 are differentially expressed in the germ cells of the testis throughout the first wave of spermatogenesis in the rat, and in adulthood. Our identification of specific expression patterns in the testis suggests that both proteins may potentially have distinct functions at defined points of spermatogenesis. This suggestion is supported by our finding that GDF9 inhibits Sertoli cell TJ function and promotes inhibin B production in vitro.
